We perform two tunes of the SHERPA Monte Carlo generator for the generation of e + e − → hadrons using the publicly-available LEP analyses in Rivet. In each of these tunes, we generate events at √ s = 91.25 GeV using matrix elements for final states containing up to six partons. In the first, "LO" tune, matrix elements for all final states are generated at leading order; in the second, "NLO" tune, matrix elements for final states with up to four partons are generated at next-to-leading order using BlackHat, while those for states with five and six partons are generated at leading order. The tunes are accomplished using Professor, and comparisons with unfolded LEP1 and LEP2 data are produced with Rivet. We also compare the data with events generated with KK2f interfaced to PYTHIA using the standard ALEPH tune. We find that both SHERPA samples show improvement relative to KK2f for observables related to four-jet final states, while all three samples produce comparable results for event-shape variables. Overall, the agreement with data is best for the LO tune. We provide our tuning parameters and many data-Monte Carlo comparisons.
I. INTRODUCTION
The LEP experiments were instrumental in studies of QCD properties [1] [2] [3] [4] such as confirming its non-Abelian structure and measuring α s (M Z ). In addition to giving insight into the nature of QCD, these studies provided input for the simulation of QCD events which constituted backgrounds to other LEP analyses. In particular, four-jet QCD events were an important background in many analyses, such as Higgs searches and studies of W pair production.
During the time of the LEP operation, the Standard Model (SM) QCD simulation was typically generated using thematrix element (ME) interfaced to a parton shower (PS) generated with PYTHIA [5] , HERWIG [6, 7] , or ARIADNE [8] ; good description of three-jet states was accomplished by matching to the LO qqg ME. PYTHIA and HERWIG additionally were able to produce events using the four-parton ME, but without simultaneously including the two-and three-parton contributions. Toward the end of LEP running, APACIC++ [9] was developed, which could generate events with up to five partons, matched to a parton shower; for an experimental application, see Ref. [10] . For a description of the state of QCD generators at the close of the LEP era, see Ref. [11] .
In the fifteen years since the LEP shutdown, there have been significant developments in the simulation of SM QCD processes. For a review of several general-purpose MC generators, see Ref. [12] . Among these is the SHERPA generator [13] [14] [15] [16] [17] [18] [19] [20] [21] , which has been compared to LEP e + e − → hadrons data unfolded from detector effects [14, [22] [23] [24] . Particularly important features for our purposes here are the MEPS [14, [25] [26] [27] [28] [29] [30] [31] method, which combines LO MEs of different multiplicities with parton showers to produce inclusive hadronic samples, and MC@NLO [13, [32] [33] [34] , which combines fixed-multiplicity NLO MEs to a PS. SHERPA combines the advantages of MEPS and those of MC@NLO and can produce inclusive samples of e + e − → hadrons with full merging and matching, with some final states calculated at NLO, if desired.
In accompanying papers [35, 36] , we discuss a four-jet excess observed in hadronic events in the archived ALEPH data from LEP2. When the four jets in these events are paired into dijets which minimize the difference between the two dijet masses, the mean dijet mass shows a cluster around M 1 + M 2 ∼ 110 GeV, where M 1 and M 2 are the masses of the dijet systems, and M 1 is the mass of the dijet which contains the most energetic jet in the event. The excess shows a particular concentration of events where M 1 ∼ 80 GeV and M 2 ∼ 25 GeV; the local significance of the excess in this region is between 4.8σ and 5.6σ, depending on hadronization uncertainty assumptions. The rest of the events are located in a broad excess near M 1 ∼ M 2 ∼ 55 GeV, with a local significance of 4.1 − 4.5σ. For details, we refer the reader to Refs. [35, 36] .
The SM background in the region where this excess is observed is dominated by QCD processes. In order to study this excess, we require the state-of-the-art in simulation of the QCD background and, in particular, an accurate description of four-jet states. This is the first of two papers in which we describe the procedure to obtain this improved description of the SM QCD background using the SHERPA generator. The output of QCD MC generators, however, is not uniquely determined a priori. Instead, QCD MC generators have parameters which can be dialed to adjust, for example, the details of showering and fragmentation. Tuning the values of these parameters requires input from experiment.
In this paper, we tune the SHERPA QCD MC parameters using LEP1 data and compare the resulting QCD MC to data at both LEP1 and LEP2 energies. All tuning and data-MC comparisons are accomplished using the publicly-available data in the Rivet v. 2.0.0 [37, 38] package, which provides distributions of predefined quantities unfolded from experimental effects such as detector effects, selection cuts, and initial-state radiation (ISR). These quantities include event-shape variables such as thrust, hemisphere masses and jet rates, as well as variables related to the flavors and energies of specific particles in the event. Tuning the MC consists of finding values for the generator parameters such that the distributions for these variables in the MC closely reproduce those in the data.
In Ref. [39] , we take the resulting SHERPA MC and put it through the full ALEPH detector simulation and compare it with the archived ALEPH LEP1 and LEP2 datasets. This latter comparison is necessary in order to evaluate the MC for use in experimental analyses, and it allows us to look at arbitrary observables, including those more directly related to the observed excess. Full details of the detector-level data-MC comparison are available in Ref. [39] ; our discussion here will be limited to results obtained with Rivet.
Our tuning of the SHERPA MC proceeds roughly as follows. A large number (approximately 10 2 − 10 3 ) of sets of values for the generator parameters are chosen. For each set of values, a sample of MC is generated using SHERPA. For each generated sample, Rivet produces distributions for its built-in observables, which are then compared to the same distributions for data. Using the Professor package v. 1.3.3 [40] , a fit is performed to determine values for the SHERPA generator parameters which produce good agreement with data.
We perform two tunes of the SHERPA MC, which we will refer to as the "LO" and "NLO" tunes. In the case of the LO tune, we generate e + e − → hadrons events at √ s = 91.25 GeV using the LO MEs for final states with up to six partons. For the NLO tune, we generate events using MEs for final states with up to six partons, but MEs for states with two, three or four final-state partons are generated at NLO, while those for final states with five or six partons are generated at LO. For the LO tune we used SHERPA v. 2.2.0, while for the NLO tune we used a slightly modified version of SHERPA v. 2.0.beta. 1 We utilized BlackHat v. 0.9.9 [18] for higher-order corrections. In both the LO and NLO tunes, we use PYTHIA v. 6.4.18 [41] for fragmentation. The resulting MC samples are then compared to ALEPH LEP1 data using Rivet distributions based on the results in [1, 42] ; these analyses include distributions of numerous event-shape and flavor variables. We provide details of our tuning procedure and report the resulting values of the tune parameters. We then generate samples using these parameter values and use Rivet to compare both the LO and NLO MC with LEP1 and LEP2 data. We also compare the LO and NLO MC with MC generated with KK2f v. 4.19 [43] [44] [45] , generated with PYTHIA 6.156 [5] using the standard ALEPH tune. We provide plots of many such distributions in the text.
We find a large improvement in our LO tuned SHERPA MC over KK2f for distributions closely related to four-jet final states, while the LO MC and KK2f are comparable for more general eventshape variables. While the NLO sample also showed improvement over KK2f for four-jet variables, we were unable to obtain NLO results which were competitive with the LO generation. Differences between SHERPA v. 2.2.0 and SHERPA v. 2.0.beta, the inclusion of the b quark mass in the ME for the LO tune but not for the NLO tune, and differences in the choice of merging scale may complicate comparisons between our LO and NLO tunes, however. In our subsequent analysis of the four-jet excess, we will use the MC resulting from our LO tune, and will use the NLO tune MC and KK2f for systematic studies. We may follow up in the future with studies of NLO tuning utilizing later versions of SHERPA.
Our main purpose in tuning and generating this MC is to produce a reliable sample of the QCD background with which to analyse the excess seen in Refs. [35, 36] , with a particular emphasis on the correct modelling of four-jet events. Thus, the tune we present here is a necessary step in producing a MC sample which can be compared directly to data at detector level. However, our results here are useful for other purposes as well. In particular, it demonstrates the utility of MC generators with multi-parton MEs and proper merging and matching for other LEP analyses and analyses at future lepton colliders; this is of particular interest for the numerous analyses which consider four-jet final states. To facilitate future use by the LEP collaborations, we provide our tuning parameters. We do not necessarily suggest that other experiments use our tuning parameters "off-the-shelf" in their MC generation; rather, we hope that our results will provide a baseline for what behavior is expected from the LO and NLO MC at full simulation. We also hope that our results may provide some useful feedback to the SHERPA authors or to people doing future LEP QCD studies. Lastly, we hope our work highlights the value in applying new simulation technologies, not available at the time of data taking, to pre-existing datasets, including, but not limited to, those from LEP.
The remaining sections of this paper are organized as follows. In Section II, we describe the tuning procedure and give the results of the LO and NLO tunes. We compare data and MC using Rivet at both LEP1 and LEP2 energies and compare the data-MC agreement of the LO and NLO generations to that of KK2f in Section III. Systematic uncertainties resulting from scale variations are discussed in Section IV and we conclude in Section V. Our Professor weight files are provided in the Appendix.
II. TUNING PROCEDURE
In this section, we describe how we obtain two sets of tune parameters for generation of the process e + e − → hadrons. The first of these, which we will call the "LO" tune, is for the case where relating to the stability of the NLO results under renormalization scale variations. However, using v. 2.0.beta results in a loss of the (default) option in CSSHOWER [20] the process e + e − → hadrons is generated using the LO MEs for final states of up to six partons. The second, "NLO" tune produces parameters for generation of MC using MEs for up to six finalstate partons, with MEs for two-, three-, and four-parton final-states generated at NLO, and MEs for five-and six-parton final states at LO. For both tunes, we generate samples of weighted events with SHERPA using PYTHIA for fragmentation. We tune a total of 19 generator parameters. As this is a large number of parameters to tune simultaneously, the tunes are accomplished via a two-step procedure. In the first step, which we refer to as the "flavor" tune, we obtain values for the parameters which are directly related to the flavors of individual hadrons in the jets; these parameters are all inputs to PYTHIA. Experimental distributions in Rivet which are sensitive to these parameters, such as multiplicities for specific hadrons, are included in this stage of the tune, along with a subset of the event-shape variables discussed below. The values of the PYTHIA flavor parameters obtained in this stage are then held fixed for the remainder of the tuning procedure. The second stage of the tune is what we call the "event-shape" tune. The Rivet variables used in this phase of the tune include observables such as thrust, jet rates, and hemisphere masses as well as inclusive charged particle distributions; these variables are more directly relevant for our purposes than the flavor variables above. We do separate event-shape tunes for the cases of LO and NLO MC generation. The SHERPA parameters tuned in this procedure are the strong coupling constant α s and parameters relevant to the parton shower and Lund string fragmentation. For all phases of the tune, the relevant SHERPA parameters will be specified below, and the Rivet variables and their respective weights are given in the appendices.
All tuning parameters are defined in SHERPA run.dat files. Additionally, there are five SHERPA parameters, shown in Table I , set to (non-default) values kept constant throughout the tuning. CSS_EW_MODE=1 allows quark splittings to photons in the parton shower, and PDF_SET=None turns off ISR. The remaining three parameters relate to fragmentation and are similar to those used in previous tunes by ALEPH [42] . The b quark mass and QCUT, which defines the SHERPA merging scale (defined in [23] ), are set to values which differ for the LO and NLO tunes; see below.
A. Tune of Flavor Parameters
The tune of flavor parameters was accomplished via an iterative process. We take an initial set of flavor parameter values and do a tune on the event-shape parameters. Then, setting the event-shape parameters to this set of approximate values, we then did a tune varying the flavor parameters. We retain the resulting values for the flavor parameters for the rest of the tuning procedure, but the intermediate values of the event-shape parameters are abandoned. Each of these steps was done at LO; we will limit our discussion here to the final stage of the flavor tune.
We tune 13 flavor parameters. All of these parameters are inputs to PYTHIA for the fragmentation step. Values for the tune parameters were sampled randomly; approximately 1000 MC samples of 300,000 events each were generated using SHERPA v. 2.0.0. These MC samples were generated (19) baryon suppression factor 0.01-1.01 0.6869 PARJ (26) η suppression factor 0.0-0.5 0.1806 at LO for up to five partons in the final state ME. The b quark mass was set to the default value 4.8 GeV, and the QCUT which determines the merging scale was set to QCUT 2 = s × 10 −2.25 . These samples were then compared to data using Rivet. Most of the distributions used were from the Rivet analysis ALEPH_1996_S3486095, which contains data from LEP1 [42] . Additionally, four variables were used from the analysis ALEPH_2004_S5765862; this analysis [1] contains both LEP1 and LEP2 distributions, but those used were only from LEP1. The weights for this analysis are given in Appendix A 1. The tune ranges and final values of the flavor parameters output from Professor are shown in Table II . We set the flavor parameters to these output values for both tunes described below, which are over the event-shape parameters only.
B. LO tune
The event-shape tunes determine the values of six parameters in the SHERPA generator; these parameters, their ranges, and their final values output from Professor for the LO tune are shown in Table III . α s (M Z ) is the strong coupling constant evaluated at the Z peak. The parameter CSS_FS_PT2MIN controls the cutoff scale between the parton shower and fragmentation, while CSS_FS_AS_FAC is a scale factor for the evaluation of the strong coupling constant in the parton shower. PARJ (21) , PARJ (41) , and PARJ (42) was set to the default of 4.8 GeV. As we want the region explored in Refs. [35, 36] to be simulated using the ME, the QCUT was set to QCUT 2 = s × 10 −3 . LEP1 data contained in Rivet analyses ALEPH_1996_S3486095 and ALEPH_2004_S5765862 were used for the tuning; a weight file is given in Appendix A 2. Arriving at these weights was a somewhat iterative processs; particular attention was paid to correctly reproducing the jet rates. We used Professor's quartic interpolation for the tuning procedure.
C. NLO tune
Here, we tune the same six parameters as we did for the LO tune. The parameter ranges and final tune values are given in Table IV . As in the LO tune, we sampled α s (M Z ) at discrete points; for the NLO tune, the spacing between these points was 0.001. All other parameters were sampled randomly within their specified ranges. We note that the parameter ranges shown for the NLO tune in Table IV are somewhat tighter than those for the LO tune; in initial NLO tune explorations, we found that the output SHERPA parameters typically stayed within these reduced ranges, and we thus restricted the range for the tune parameters accordingly.
We used a modified version of SHERPA v. 2.0.beta to generate 91 MC samples, each containing 1.5 × 10 5 partially-unweighted events. The events were generated using NLO MEs for final states with up to four partons using BlackHat and with LO MEs for final states of five or six partons. The QCUT was set to a constant 6 GeV to accommodate the region of interest in Refs. [35, 36] . The b quark was left massless in the matrix element, but was set to 4.8 GeV in the shower, as BlackHat v. 0.9.9 is restricted to the case of massless quarks.
As for the LO tune, Rivet analyses ALEPH_1996_S3486095 and ALEPH_2004_S5765862 were used to compare the generated MC with LEP1 data. Due to greater statistical uncertainty in comparison with the LO samples 4 , quadratic interpolation was used in Professor. A weight file can be found in Appendix A 3. In performing this tune, special attention was given to the thrust variable, which we found to be correlated with the mass sum variable important in Refs. [35, 36] .
We note that the variables p ⊥in , p ⊥out and oblateness are included in the LO weight file, but absent from the NLO weight file. We initially included these variables in our NLO tune, but had difficulty achieving data-MC agreement for these variables without degrading the thrust distribution. Additionally, we saw indications that agreement or disagreement between data and MC was correlated between these three variables. As we prioritized being able to correctly reproduce the data thrust distribution, and as there is a long history [1, 42] of disagreement between data and MC for p tout at LEP, we decided to omit these variables from the NLO tune. Such difficulties were smaller in the LO tune.
III. RIVET DATA-MC COMPARISONS
We now compare our tuned MC to LEP data using Rivet. Here, we concentrate on event-shape and four-jet variables, as these are more important than flavor observables for studying the excess observed in Refs. [35, 36] . 5 We generate MC events using the SHERPA LO and NLO tunes as well as with KK2f. We compare them with unfolded data from the analyses used in the tuning, ALEPH_1996_S3486095 and ALEPH_2004_S5765862, as well as analyses from DELPHI and OPAL, DELPHI_1996_S3430090 [3] and OPAL_2001_S4553896 [46] and OPAL_2004_S6132243 [47] . Distributions from LEP1 and from LEP2 will be studied separately below.
A. LEP1 Event-Shape Observables
Here, we compare data and MC for event-shape variables commonly used in QCD analyses. Definitions of many of these variables can be found in Refs. [1, 3] . For each plot in this section, the upper pane gives the MC expectation for KK2f and the LO and NLO SHERPA samples, along with the Rivet data. The bottom pane shows the MC/data, along with the yellow error band resulting from experimental and unfolding uncertainties. For these plots, we generated 2 × 10 6 unweighted events with SHERPA using the LO tune, 3 × 10 6 partially unweighted events with the NLO tune, and 10 6 events using KK2f. The three MC samples have been normalized to the number of events in data.
We plot four of these variables from ALEPH in Fig. 1 . In the case of the thrust T in Fig. 1  (a) , we find that all three samples are largely within the error band. In Fig. 1 (b) , we find that the tail of the sphericity distribution is modelled best by the KK2f and LO SHERPA samples; the NLO SHERPA sample falls somewhat outside the yellow error band, but performs well in the peak region where most of the events are located. The aplanarity, shown in Fig. 1 (c) , is best modelled by the LO SHERPA MC, with the KK2f falling signficantly outside the error band away from the peak region; all three samples perform well near the peak. The three samples perform comparably and lie mostly within the error band in the case of the C-parameter in Fig. 1 (d) , although some deviation is seen in the LO SHERPA sample in the peak region. Fig. 2 (a) shows improvement in data-MC agreement in moving from KK2f to the two SHERPA samples. For T major in Fig. 2 (b) , the three samples are again comparable. The peak region of the D parameter in Fig. 2 (c) is described reasonably well by all three MCs, but only the SHERPA NLO MC does well in the tail of the distribution. The planarity distribution in Fig. 2 (d) is described well only by the KK2f MC.
Plots of jet mass and broadening variables from ALEPH are shown in Fig. 3 . These distributions are produced by dividing the event into two jets along the thrust axis. In all four plots, all three MCs reproduce the data reasonably well. In Fig. 4 , we plot the Durham jet resolution parameters y ij from ALEPH. We see that the data distribution for y 23 is described similarly well by the two SHERPA samples and somewhat less well by KK2f. The y 34 and y 45 distributions are best described by the LO SHERPA MC, while y 56 is best described by the NLO SHERPA MC. While the NLO SHERPA generation does not describe y 34 as well as the KK2f MC, in most cases we see that the SHERPA MC is comparable to or better than KK2f in describing the data.
We note that, for many of these event-shape variables, the NLO and LO SHERPA MC and the KK2f MC perform comparably. Even within a given distribution, the relative performances of the Wide jet broadening (E CMS = 91. three generations can depend upon the value of the observable in question. Overall, however, we see no particularly concerning behavior in the new SHERPA samples in comparison to the KK2f generation with respect to the event-shape variables.
B. LEP1 Four-Jet Observables
We now turn to four-jet variables. For all of these observables, the event is forced into four jets. These variables are of particular interest because they probe the four-jet structure of the event and give an important comparison between SHERPA, which contains the four-jet matrix element, and KK2f, which uses only the parton shower. We compare the MC generation to data from OPAL via the Rivet analysis OPAL_2001_S4553896 [46] . Unlike the previous Rivet analyses, this analysis has hadronization effects unfolded and is compared at parton level; these plots thus require a separate MC generation. We generate 4 × 10 6 unweighted events with the LO SHERPA tune, and approximately 4 × 10 6 partially unweighted events using the NLO tune. We also generate 2 × 10 6 unweighted events with KK2f.
Plots of the Bengtsson-Zerwas angle [48] , the modified Nachtman-Reiter angle [49] , the Körner-Schierholz-Willrodt angle [50] , and the angle between the two softest jets are shown in Fig. 5 . 6 We see that in all cases, both the LO and NLO SHERPA generation perform similarly and out-perform the KK2f generation. Plots of four-jet observables at LEP1 from OPAL. 6 We note that the analysis OPAL_2001_S4553896 provides no systematic errors for the unfolded data for these plots. [46] gives statistical errors only, which are small compared to the difference between KK2f and the SHERPA lines shown in Fig. 5 . Their experimental and hadronization correction factors are typically less than 10%, so it is reasonable to expect that their systematic errors are smaller yet. We will study these variables, along with other jet angular variables, at full simulation in Ref. [39] .
Lastly, we consider a few more LEP1 distributions. The numbers of generated events are as for the event-shape variables above. In Fig. 6 (a) , we compare the MC to data from ALEPH for the distribution of the log of the scaled momentum; we see that the three generations are comparable for this variable. The rapidity with respect to the thrust axis in Fig. 6 (b) behaves similarly for the three MC samples, with good agreement for the region containing the bulk of the events but with deviations in the tail. In Fig. 7 , we compare MC distributions for p ⊥out and p ⊥in , defined relative to the sphericity axes, to data from DELPHI. For p ⊥out , we see good agreement between the three MC generators, but significant disagreement between MC and data. p ⊥in also shows significant disagreement between data and simulation. We note that this disagreement has been observed previously by the LEP experiments [42] .
D. Selected LEP2 distributions
We also consider some selected variables at LEP2 energies. Plots of several quantities are given in Figs. 8-12. Events are generated at center-of-mass energies from √ s = 133 GeV to √ s = 208 GeV. The NLO tune SHERPA events are partially unweighted, and the LO tune and KK2f events are unweighted. Effective luminosities for the MC generation are given in Table V . As before, the MC samples are all normalized to the data. Due to the decreased statistics of hadronic events at LEP2, the yellow error bands on the unfolded data are considerably larger than those for LEP1. We see broad agreement between the data and the three MC generations, but will make a few comments on specific distributions.
A plot of the mean charged multiplicity as a function of √ s from ALEPH is given in Fig. 8 . We see that the LO SHERPA, NLO SHERPA, and KK2f samples all reproduce the unfolded data reasonably well. Next, we give some event-shape variables. Plots of the thrust from OPAL at < √ s >= 133 GeV and < √ s >= 197 GeV are given in Fig. 9 . Jet mass variables from ALEPH are similarly displayed in Fig. 10 . In all cases, we see reasonable agreement between the unfolded data and the KK2f and SHERPA MC samples. In Figs. 11-12 , we show the Durham jet resolutions from ALEPH at < √ s >= 133 and 206 GeV. Broad agreement between data and all three MC samples is observed.
IV. SYSTEMATICS
Here we discuss changes in the LO and NLO SHERPA MC distributions under variations in renormalization scale. We do this by multiplying the square of the renormalization scale µ 2 R by a factor SCF = 0.5, 2.0. As before, the MC samples are normalized; only variations in the shapes are studied here. All MC lines shown here are compared to data at LEP1.
The first of these is the thrust distribution from ALEPH, shown in Fig. 13 . Here, we see that varying SCF results in changes to the thrust distribution of O(5%) from its central value for the LO SHERPA MC. The NLO SHERPA MC displays smaller variations of a few percent. Similar conclusions hold for the jet mass variable distributions, shown in Fig. 14 .
In Fig. 15 , we show the changes in the distributions of the Durham jet resolutions y ij with variations in SCF, compared to unfolded data from ALEPH. The variations in the LO SHERPA . We also observe good stability under scale variations for the OPAL four-jet variables shown in Fig. 16 . Both the LO and NLO distributions only vary by a few percent as SCF varies from 0.5 to 2.0; however, this is of the same order as the size of statistical fluctuations in the bins, so the actual variation with SCF may be smaller.
V. CONCLUSIONS
In this paper, we have explored the tuning of the SHERPA generator to produce MC for e + e − → hadrons applicable to LEP analyses. Our main aim is to produce an MC sample which suitably describes the QCD four-jet background in order to study the events which show an excess in Refs. [35, 36] . For this reason, the SHERPA MC generator, which contains the four-jet matrix element with proper matching and merging, was tuned using publicly-available LEP analyses in the Rivet package. We describe our tuning procedure, give the values which we determined for the tuning parameters, and compare the resulting MC with LEP data and with MC from the KK2f generator.
We find that both our LO and NLO SHERPA tunes produce samples which are comparable to those of KK2f for observables which do not depend on clustering events into jets. For Durham jet resolutions, we typically see improvement in going from KK2f to the SHERPA tunes, and we find that both SHERPA tunes describe four-jet variables significantly better than KK2f does. We also find that the LO SHERPA sample experiences changes of order a few percent to O(10%) under scale variations; the NLO SHERPA sample is more stable, with variations of only a few percent. However, we find that the overall agreement with data is best for the LO sample, and we will adopt this for our four-jet studies, retaining the NLO sample as well as the KK2f MC for systematic studies.
We thus find the SHERPA MC to be an improvement over the KK2f MC for our purposes. In an accompanying paper [39] , we submit these MC samples to full detector simulation and compare them directly to ALEPH data at LEP1 and LEP2. There we study a wider range of observables related to the four-jet structure of events and perform more systematic studies. Our results here suggest that modern MC generators such as SHERPA show great promise for future analyses and particularly for studies of four-jet states. These are particularly relevant for analyses of LEP data, as well as those at future lepton colliders. 
